Trichophyton rubrum and Candida species comprise the majority of onychomycosis pathogens. The aim of this study was to evaluate Raman spectroscopy for the differentiation between healthy and either T. rubrum or Candida infected nails. Raman measurements were performed on clippings (N = 52) infected either by T. rubrum (N = 12) or Candida species (N = 14; C. parapsilosis (sensu lato): N = 11, C. glabrata: N = 1, C. albicans: N = 2) with healthy nails (N = 26) used as controls. Systematic spectral differences were observed in the 500-520 cm −1 band region, attributable to a diverting imprint of the disulfide stretching of cystine and cysteine residues among samples. Particularly, Candida infected nails demonstrated a shoulder at 519 cm −1 , corresponding to the signal of the less stable gauche-gauche-trans conformation of the disulfide bond. Two additional bands at 619 and 648 cm −1 , corresponding to the C-S stretching vibration, were more evident in the T. rubrum infected nails. Finally, a Raman band at 1550 cm −1 , attributable to amide II and tryptophan (Trp) content, was undetectable in Candida infected nails. Using principal component analysis (PCA), efficient differentiation of healthy, T. rubrum and Candida species infected nails was achieved. Soft independent modeling of class analogy (SIMCA) and partial least squares-discriminant analysis (PLS-DA) were further applied to generate diagnostic algorithms for the classification of Raman spectra. Both techniques succeeded in modeling clinical nail samples in three groups according to their mycological categories. Raman spectroscopy is a promising method for the differentiation of healthy vs. diseased nails, including efficient differentiation between onychomycosis caused by T. rubrum and Candida species.
Introduction
Onychomycosis is a common nail condition, predominantly affecting the toenails, with a prevalence of 4.3% across Europe and North America. 1 In the aforementioned population, the principal single causative agent was the dermatophyte Trichophyton rubrum (44.9% of the cases; 95% confidence interval [CI]: 33.8-56.0), followed by yeasts (predominantly Candida species) in 21.1% (95% CI: 11.0-31.3) of infected nails. The remaining pathogens include other dermatophytes and different moulds. The gold standard of diagnosis remains the direct microscopic evaluation of nail clippings coupled with the cultivation of affected nail samples in specialized media. Direct microscopy is inexpensive and easy to perform, 2 yet its sensitivity is strongly operator dependent. Culture is the mainstay of clinical mycology and holds high predictive value when a dermatophyte is grown after 3-4 weeks of incubation; yet it has lower sensitivity compared to microscopy. 3 Newer techniques that have been developed to increase the sensitivity of direct microscopy include the staining of fungal chitin with calcofluor white and observation under a fluorescence microscope, or the histological evaluation of the infected nail after PAS staining. 2 Both latter approaches provide only morphological information frequently insufficient to identify the culprit fungal pathogen at species level. However, the precise microbiological identification of the pathogen is important as this information guides appropriate treatment selection in order to reduce relapse rates. 4 More sophisticated (and more costly) alternatives, currently available for onychomycosis diagnosis confirmation, species identification and suitable in the clinical setting, include the detection of dermatophyte DNA by polymerase chain reaction (PCR)-based amplification 5, 6 and an antibody-based immunochromatography strip method. 7 It should be stressed that the diagnostic targets of these approaches are the principal pathogens of onychomycosis, that is, the dermatophytes. Raman spectroscopy is able to detect subtle biochemical changes in biological samples providing chemical and compositional information. In principle, it is suitable for biological specimens because it does not interfere with water molecules, it is noninvasive, and it requires minimal sample preparation; however, it is typically limited by considerable tissue auto-fluorescence interference and an overall low signal-to-noise ratio. [8] [9] [10] Considering Raman spectroscopy applications to nail diseases, an ex vivo model of dermatophyte infection of nails has been evaluated and showed promising results in the differentiation of the dermatophyte as the causative agent of onychomycosis from other nondermatophytic pathogens, like Candida and Scopulariopsis species. 11 Furthermore, successful identification of clinical Candida species with Raman was achieved in culture material. 12, 13 The purpose of this study was to evaluate the discriminative power of Raman spectroscopy in the ex vivo differentiation of nail clinical samples with confirmed infection by the dermatophyte T. rubrum or Candida species from healthy (normal) nails. To our knowledge, this is the first onychomycosis study that investigated the use of predictive classification modeling as a means for the diagnosis and pathogen differentiation in clinical nail samples, highlighting the potential of Raman spectroscopy in the clinical practice.
Methods

Samples
Institutional Ethical Review Committee permission was granted prior to experiments confirming the protocol used and the anonymity of the donors. Raman measurements were performed on nail clippings (N = 52, nails of 52 volunteers). A randomly selected part of the acquired nail material of all cases was subjected to both direct KOH examination and mycological culture. Only macromorphologically diseased nails with a confirmed Trichophyton rubrum (N = 12) or Candida species infection (N = 14) were included in the spectroscopic analysis. Different Candida species were evaluated, including samples of Candida parapsilosis complex (N = 11), Candida glabrata (N = 1), and Candida albicans (N = 2). The negative controls (N = 26) were clippings of clinically healthy nails from volunteers with no evidence of any skin disease and in addition a negative mycological laboratory evaluation. The clippings used for Raman spectroscopy were not subjected to any chemical pretreatment, and care was taken to only include samples with no evident environmental contaminants. Spectra were collected at 30 mW output power, with 785 nm diode laser at ∼4.5 cm 
Data analysis
Signal processing and multivariate statistical analysis were performed using the Unscrambler X (CAMO Software AS, Oslo, Norway) software package. Data processing of the Raman spectra was carried out in the fingerprint region (400-2000 cm −1 ). Spectra were smoothed using SavitzkyGolay transform (11-point moving window width and second degree polynomial), baseline corrected and normalized by applying the standard normal variate (SNV) method. Data reduction of the 827 variables (wavenumbers) was accomplished by principal component analysis (PCA) with full cross validation. PCA reduces the dimensionality of the data set and also retains the original variability of the data by constructing orthogonal uncorrelated principal components (PCs). The first PC is a linear combination of the starting predictor variables and covers the maximum variance possible in the data set. Similarly, the second PC is uncorrelated (i.e., perpendicular) to the first and accounts for the highest possible of the remaining residual variance and so on for the remaining PCs. Clustering was visualized by PCA score plots while loading plots identified the spectral regions, which predominantly contribute to the variance in the data set. In order to be able to classify an unknown, future clinical sample, discrimination enhancement and class modeling were implemented using the soft independent modeling of class analogy (SIMCA) classification technique. In this supervised, pattern recognition scheme, construction of separate PCA models for each class are built at the training stage followed by a validation procedure to effectively map the spectral variables to the 3-classes (normal, T. rubrum, Candida species) subspace. The data set was split randomly into training and test sets, consisting of 38 and 14 samples, respectively. The latter consisted of eight normal samples and six samples of T. rubrum and Candida species equally divided (three of each species). Data were mean centered and PCA was performed with full crossvalidation. The first two PCs were used in SIMCA classification and the significance limit was set to 5% (95% confidence). Partial least squares discriminant analysis (PLS-DA) employed the same sets with SIMCA. In this approach, the Raman spectra were grouped into the three predefined classes and a discriminant model was constructed and tested on the validation dataset. The classification error margin was evaluated by the root mean square error of calibration and validation (RMSEC and RMSEV, respectively). Prediction diagnostics were assessed by RMSE of prediction (RMSEP) of the test set. PLS-DA and SIMCA are two powerful classification algorithms that apply different criteria to construct predictive models. SIMCA computes an assembly of PCA submodels and captures within-class variability, while PLS-DA identifies latent variables that optimize the separation among classes. Therefore, PLS-DA typically provides better classification results because class-separation is maximized (given that within-class variance remains low). However, with a high number of classes, discrimination becomes increasingly more complex and results difficult to overview. On the other hand, SIMCA has some attractive features over other classification methods. First, it handles samples described as spectra in a dimensionally much lower subspace due to the prior principal component mapping and there is no restriction on the number of measurement variables. Second, with this method, new samples presenting spectral features not yet included in the predictive model can be efficiently assigned as either outliers or as members of some additionally recognized new class. In our case, this explorative model feature is particularly useful in expanding the clinical application of Raman spectroscopy to onychomycosis studies since it anticipates the identification of additional pathogens, not already belonging in model's feeding data. Consequently, for optimizing diagnostic output both analytical instruments PLS-DA (main strength: optimizing the separation among classes) and SIMCA (main strength: monitoring within-class variability) are utilized in parallel in this study. Figure 1 shows the mean Raman spectra recorded from 52 nail clippings of normal (N = 26) and infected nails: T. rubrum (N = 12), Candida spp. (N = 14) . The acquired spectra are consistent with data in the literature, which provided the basis for the interpretation of the vibrational modes detailed in Table 1 . The spectral features can be clearly resolved in all samples although intrinsic dispersion of data is apparent particularly in the Candida species group. Minor differences in peak positions and intensities could be mainly attributed to the biophysical variability of the α-keratin structure, the predominant structural macromolecule of the nail plate. 14 The strong Raman band at 500-520 cm −1 is attributed to the disulfide stretching bond of cystine and cysteine residues. 19 Disulfide cross linking is central for the physical and mechanical properties of keratin. The intensities and the position of the C α -C β -S-S'-C' β -C' α band, infer the sulfur amount and the conformation of the disulfide bridges. The most energetically favorable gauche-gauche-gauche conformation is observed at 513-515 cm −1 . However, samples infected with Candida species feature an additional shoulder at 519 cm −1 , which is typical of the less stable gauchegauche-trans conformation indicating heterogeneity among the S-S bonds conformation. 20 In addition, the nails affected by T. rubrum are characterized by two weak, but distinct Raman bands at 619 cm −1 and 648 cm constitutes of broad bands attributed to C-N stretching and -CH 2 deformation and scissoring. PCA has been employed in order to quantitatively discriminate between normal and infected nails. The spectra are represented in groups of similar variability; the construction of PCs permits the discrimination of different spectral groups in a dataset. In general, the first three PCs account for the highest variance present and give the best representative differentiation of the distinct clusters. 21 In our case, the first three PCs combined, accounted for 89% of the total variability in the dataset (PC1: 49%, PC2: 21%, PC3: 16%). Visualizations of PCs in two-dimensional score plots often reveal which components must be taken into account, noting that PCs explain less variance in decreasing order, and consequently the first two contain most of the information. Figure 2 shows that distinct clustering among the three sample groups is achieved through PC1 and PC2.
Results
The potential of the PCA approach lies in the information obtained by the loading plots, which visualize the coefficients between the original variables (wavenumbers) and the PCs. The effect of the original variables upon a PC is the numerical value of the loading. Thus, the significant molecular vibrations that shape the clustering can be identified by inspecting the loading plot. The loadings of the first two PCs are shown in Figure 3 . The PC1 loadings pattern is negatively correlated with the bands assigned to disulfide bridges, skeletal vibrational bands (α-helix and Phe) and amides I, II, and III (gray stripes in Fig. 3 ). These bands are responsible for the clear clustering of the normal nails as illustrated in the scores plot (Fig. 2) . In contrast, PC2 loadings mostly contribute to the differentiation of T. rubrum and Candida species. This component is positively correlated with the -S-S-bands (490-530 cm −1 ) and the aromatic breathing mode of Phe, while it is negatively correlated with the amide bands.
In an effort to predict the class membership (normal, T. rubrum, Candida species) of new observations, we first modeled the defined groups with SIMCA. Results showed 100% accuracy (calculated by the sum of true positives (TP) and true negatives (TN) divided by the total number of samples) for the classification into healthy and onychomycosis nails. When instead of the former two, three classes were used, false positives (FP) (i.e., samples that were classified as belonging to two classes) reduced the accuracy to the still satisfactory 92.8%, mainly as discrimination unambiguity between T. rubrum and Candida species affected nails (Supplementary information, Table S1 displays the confusion matrix obtained by cross-validation for training and test sets). Finally, discriminant PLS was employed to test the classification of new samples, not included in the construction of the model. PLS regression decomposes both X and Y variables as a product of orthogonal components similarly to PCA, albeit referred to as factors. By using the first two factors, 73% and 94% of the variance was explained by independent and dependent variables, respectively. As expected, a similar loading plot was obtained with amide stretches from the proteins backbone, peaks from side chain amino acids and the characteristic disulfide vibration. The low RMSEC (0.20) and RMSEV (0.23) indicate adequate stability in the classification of new samples. Indeed, the classification for the test set yielded 100% accuracy, with low RMSEP: 0.24 (Supplementary information, Fig. S1 ), albeit with significant uncertainty of the mean value (±31%) for the Candida species infected nail samples (Fig. 4) .
Discussion
Three clinically important groups of human nails, that is, healthy and either T. rubrum or Candida infected ones, were studied by means of Raman spectroscopy. The main differences in the Raman spectra between healthy and onychomycosis nails were observed in the regions attributed to disulfide bond imprints, Phe vibration and amide I, II, and III bands. These observations are in accordance with previous studies in the literature that reported increased proportion of the less stable disulfide conformations in nail clippings from patients with onychomycosis undefined at species level. 22 The two characteristic Raman bands at 619 cm −1 and 648 cm −1 , which correspond to the C-S stretching vibration, they have been also described in nails with unspecified onychomycosis before and after Nd:YAG laser treatment. 15 In addition, these findings are supported by the current knowledge of the molecular structure of healthy and infected nails. Normal nail plate is composed of hard α-keratins. 23 These keratins contain large amounts of cysteine, which is cross-linked with disulfide bonds that make nails a biological material extremely resistant to biodegradation in nature. 24, 25 However, dermatophytes, including T. rubrum, employ a large array of specialized extracellular proteases, keratinases, that in cooperation with the segregation of sulfite, 26 can digest these bonds and subsequently utilize degraded keratin as a protein source. 27, 28 A modified Raman spectrum could result from further invasion of the nail plate with development of hyphae that would increase the interaction surface 25 and trigger the described chemical alterations. Also, Candida species possess extracellular enzymes with keratinolytic activity [29] [30] [31] including the ability to resist large concentrations of cysteine by the excretion of sulfite 32 which, as already mentioned, catalyses the disruption of the -S-S-bonds in nail keratin. Furthermore, the Raman band corresponding to the vibration of Trp is absent in the spectra of nails infected with Candida. Trp is a hydrophobic amino acid, which is essential for the structural stability of the lipid bilayers of the yeast cell membranes. 33 Studies have shown that peptides with Trp residues yield enhanced anticandidal activity. 34 The role of Trp in onychomycosis is still obscure and further studies are needed to decipher its implication to candidiasis, possibly in relation to immunosuppression. 35 Raman spectroscopy can be easily integrated in the clinical setting to provide real time evaluation of diseased nails. It should be emphasized that in conjunction with SIMCA and PLA-DA approaches, Raman spectroscopy flawlessly classified normal nails. The effective discrimination between healthy versus fungal infected nails class model is especially important when on-site evaluation of onychomycosis is needed.
The main limitation of this work is the relatively low number of evaluated samples, contrary to high prevalence of onychomycosis in the general population. The next challenge is to evaluate Raman spectroscopy in prospective studies and in comparison with standard fungal identification techniques (KOH microscopy and culture) and in association with patient characteristics (e.g., underlying diabetes), including also healthy and altered nails in patients with other dermatoses (e.g., psoriasis or lichen planus) 36 as well as nails affected by multiple pathogens and possibly also bacterial species. 37 Furthermore, inclusion in the dataset of other fungal pathogens and patient disease data (including clinical subforms of onychomycosis), could significantly improve the diagnostic potential of the proposed approach.
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